This paper tests for a carbon Kuznets curve (CKC) by examining the carbon emissions per capita-GDP per capita relationship individually, for 23 OECD countries over 1950-2010 using a reduced-form, linear model that allows for multiple endogenously determined breaks. This approach addresses several important econometric and modeling issues, e.g., (i) it is highly flexible and can approximate complicated nonlinear relationships without presuming a priori any particular relationship; (ii) it avoids the nonlinear transformations of potentially nonstationary income. For 15 of 23 countries studied, the uncovered emission-income relationship was either (i) decoupling-where income no longer affected emissions in a statistically significant way, or (ii) saturation-where the emissions elasticity of income is declining, less than proportional, but still positive. For only four countries did the emissions-income relationship become negativei.e., a CKC. In concert with previous work, we conclude that the finding of a CKC is countryspecific and that the shared timing among countries is important in income-environment transitions.
Introduction
Whether pollution first rises with income and then falls after some threshold level of income/development is reached, thus forming an inverted U-shaped relationship-also called an Environmental Kuznets Curve (EKC)-is one of the most popular questions in environmental economics (e.g., see reviews by Dinda 2004 and Stern 2004) . Such EKC analyses typically employ panel data and most often focus on emissions per capita. Those emissions are modelled as a quadratic (or sometimes cubic) function of GDP per capita; an EKC between emissions per capita and income is said to exist if the coefficient for GDP per capita is statistically significant and positive, while the coefficient for its square is statistically significant and negative.
One might expect not to find such an inverted-U relationship for carbon dioxide emissions-a global, stock pollutant, whose (uncertain) damages will occur in the future. Yet, several studies have calculated within sample turning points for carbon emissions per capita for either multiple-country panels (e.g., Schmalensee et al. 1998; Agras and Chapman 1999; Martinez-Zarzoso and Bengochea-Morancho 2004; and Galeotti et al. 2006) or for individual countries (e.g., Schmalensee et al. 1998; Dijkgraaf and Vollenbergh 2004; and Azomahou et al. 2006) .
It is important to note that an inverted-U relationship between emissions and income (or EKC) means that the income elasticity of emissions is negative for countries in the highest income segment. If the income elasticity of emissions declines with income but remains positive (a phenomenon determined in Liddle 2013; Liddle 2014), emissions and income unambiguously have a monotonic relationship, i.e., an EKC is rejected. A declining and less than unity income elasticity suggests that the CO 2 intensity (emissions per GDP) follows an inverted-U path (a pattern found for high-income countries in Lindmark 2004) .
Not surprisingly, the large EKC literature has generated substantial criticism. 1 Stern (2004) argued that many EKC studies risked spurious findings by ignoring that variables like emissions per capita and GDP per capita are likely nonstationary; later, Muller-Furstenberger and Wagner (2007) argued further that even the EKC studies that did recognize the stationarity properties in the data still risked spurious findings by performing nonlinear (quadratic)
transformations of a nonstationary variable (GDP per capita). In addition, Muller-Furstenberger and Wagner (2007) and Wagner (2008) breaks is highly flexible and can approximate complicated nonlinear relationships without presuming a priori any particular relationship; hence, no nonlinear transformations of potentially nonstationary variables are necessary, and the issues of cross-sectional dependence and heterogeneity are avoided/addressed by analyzing each country's emissions-GDP relationship separately. Lastly, by focusing on the time-series data of single countries, we address the crucial question of a specific country's evolution of its income-environment relationship (as recommended by Stern et al., 1996 and de Bruyn et al., 1998) . Moomaw and Unruh (1997) 
Previous studies of carbon emissions and breaks (exogenous and endogenous)

Previous studies considering flexible forms of the carbon emissionsincome relationship
More recently several papers have considered methods that introduce more flexible forms than the typical polynomial model. Yet, some of these methods still require the nonlinear transformation of potentially integrated income (e.g., Galeotti et al., 2006; Wang 2013) . Papers that do avoid the nonlinear transformation of income while maintaining a fully flexible model form typically fall into two categories. A first group uses fully nonparametric or semi-parametric methods; thus, that group displays plots (with bootstrapped confidence intervals) of the estimated relationship (e.g., Azomahou et al., 2006; Bertinelli and Strobl 2005) , rather than includes explicitly determined elasticities with accompanying efficient standard errors (as in parametric estimations). The second group performs linear spline or additive mixed model regressions (e.g., Schmalensee et al., 1998; He and Richard 2010; Zanin and Marra 2012; Liao and Cao 2013 ).
Yet, both groups have shortcomings/limitations. The piece-wise linear spline model is very data intensive, and so, perhaps most appropriate for panel data. That approach also requires a large number of "pieces" (or income groupings) to be determined exogenously, and those income groupings are the same for all countries (in a panel analysis); hence, that approach contrasts with the endogenous breaks method employed here, which does not require/force those breaks to occur at any particular income level or time. Furthermore, semi-and nonparametric methods (including spline and additive mixed models) must account for nonstationarity (as parametric methods must). But, nonparametric methods that fully account for nonstationarity and cointegration are in their infancy (e.g., Chen et al., 2012; Chen et al., 2013) , and such methods are certainly not as far along in addressing nonstationarity and cointegration as are parametric methods; hence, the robustness of the previous nonparametric CKC work is not clear.
Besides nonparametric estimations, He and Richard (2010) , who analyzed Canada, employed the nonlinear flexible parametric approach of Hamilton (2001) . Yet again, the proofs in Hamilton (2001) assumed stationarity. Lastly, the current state of knowledge in the literature seems to be that any determination of delinking or negative relationship between pollution and income likely is a product of "country-specific characteristics such as technological progress, structural evolution, or external shocks" (He and Richard 2010, p. 1084) ; thus, our proposed approach should be particularly appropriate since it both (i) explicitly estimates regime change (as opposed to the typically smooth transitional estimations of nonparametric models), and (ii) focuses on individual country estimates. 
Data and Methods
Data
We analyze the CO 2 emissions per capita and real GDP per capita relationship for 23 advanced/OECD countries. 4 Figures 1 and 2 plot for those countries the long-run CO 2 emissions per capita and GDP per capita series, respectively, in natural logs. 5 The figures clearly indicate why the consideration of breaks is important: for all countries the emissions series display substantial breaks around the two World Wars (e.g, 1914 Wars (e.g, -1921 Wars (e.g, and 1943 Wars (e.g, -1945 ; in addition to breaks during those two periods, all countries display a substantial break in GDP per capita around the Great Depression (e.g. , 1930-1939 ). Yet, allowing for endogenous breaks involves an information trade-off; indeed, Harvey et al. (2013) , Kejriwal and Perron (2010) , and Kejriwal and Lopez (2013) recommend allowing for a maximum of two structural breaks (and considered over 100 time observations). But if we restrict our analysis to allow for no more than two endogenous breaks, such breaks likely would be calculated to occur before 1950 for most countries. However, the period beginning in 1950-an era of substantial economic growth and development for the countries considered-is exactly the time in which we might expect to observe emissions-GDP transitions. Therefore, we restrict our sample to 1950-2010, and use CO 2 emissions per capita data from the Carbon Dioxide Information Analysis Center (Boden et al., 2013) and real GDP per capita data from the Penn World Tables (Heston et al., 2012 
Unit root tests with endogenous breaks
There are several unit-root tests that allow for structural breaks. Kejriwal 
where
, T is the sample size,
, is a set of sample fractions, m is the maximum number of unknown breaks, g = (g 1, …, g m ) are parameters associated with breaks, and u t is a mean zero stochastic error process. A trend break in series y t occurs at time [t 0,i T] when g i ≠0 (i= 1, …,m ), and it is assumed that the break If only one of the two series is determined to have a unit root, we conclude that the GDPemissions relationship for that country is already (i.e., as of prior to 1950) described as decoupled, and we do not analyze those series further. Lastly, since all of the series are highly trending, we interpret the rejection of the unit root null as a finding of trend stationary. If both GDP and carbon emissions are determined to be trend stationary, we estimate the relationship between them using the Perron (1998, 2003) method of endogenous breaks since that method is robust to trending regressors (but not I(1), cointegrated ones). Perron (1998, 2003) developed a method that allows for multiple endogenous structural breaks in stationary, trending regressors. To determine the timing of breaks Perron (1998, 2003) Yet, the Kejriwal and Perron (2010) stability test may reject the null of coefficient stability when the regression is a spurious one, i.e., not cointegrated; hence, the Kejriwal (2008) cointegration test with multiple breaks is used to confirm the presence of cointegration, i.e., reject the possibility of a spurious relationship. That test considers the relation
Optimal timing of breaks and cointegration tests and estimation with endogenous breaks
for i=1,…,k+1, where k is the number of breaks, z t is a vector of I (1) 
where l i = (T 1 /T,…,T k /T), i.e., the sample fractions associated with i=1,…,k breaks, W i,j is the long-run variance of u t for j=1,…,k, and T 1 ,…,T k are recovered from dynamic programming, as in Bai and Perron (2003) .
Since the cointegration test is a confirmatory test, for each cross-section, only the number and timing of breaks determined by the sequential procedure and information criteria are considered in the cointegration test. If cointegration is confirmed, the different regimes are estimated similarly by assuming the previously determined number and timing of breaks. Sweden, the two series are of different order of integration; hence, for those countries, decoupling of income and emissions had (arguably) already occurred, and we do no further analysis on them. Table 1 Again, to determine the number and timing of breaks, we consider two information/decision criteria, i.e., the sequential method of Kejriwal and Perron (2010) and the LWZ criterion. If the sequential method did not determine a break, we went with the number of breaks determined by the LWZ (as in Kejriwal 2008) . If the two criteria suggest different, nonzero number of breaks, we consider both possibilities (a case that only occurred for Netherlands and Poland). The null hypothesis of cointegration was never rejected. [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] . Indeed, for both of those countries the sequential method indicated no breaks in their income-emissions relationships; hence, one might surmise that neither Spain nor Portugal have experienced an income-emissions transition or regime change.
Results and discussion
That leaves perhaps the most curious case-wealthy, fossil fuel-endowed Norway.
Norway's income-emissions relationship accelerated in 1970, and while it declined relative to that high elasticity, that relationship still has been more than proportional from 1990-effectively a U-shaped relationship. Despite its high per capita income and its government's traditional concern for sustainable development (e.g., the UN's Our Common Future report is also known as the Brundtland Report-after a Norwegian prime minister), Norway maintains- . By contrast we calculated a higher, but still less than proportional elasticity-most likely, had we considered a longer time span, a saturation pattern would have been more evident in our results, too (Esteve and Tamarit determined a first break at 1940).
The final way we can analyze the results shown in Table 3 is to focus on the timing of the break dates. For the 18 countries analyzed in Table 3 , 29 breaks were identified. Several-but not all-of the breaks did occur during periods of global/regional shocks (e.g., both Hungary and
Poland had a break in 1989, the year the Berlin Wall fell). The first oil crisis could be dated 1973-1974; 7 whereas, the second oil crisis, which is dated 1979-1981, corresponded to the fall of the Shah in Iran and the beginning of the Iran-Iraq war, and it led to considerably higher prices than the first oil crisis. Indeed, seven breaks occurred during those two (oil-crisis)
periods-eight if we count Greece's break in 1982, and two more breaks occurred during the intervening period of high prices (1975) (1976) (1977) (1978) , for a total of 10 out of 29 breaks.
Another eight breaks occurred in 1971 or earlier, and the 1960s through the early 1970s
(before the first oil crisis) was a period of heightened environmental awareness/concern in many 6 Zanin and Marra (2012) do not appear to have performed unit root tests, and thus, proceeded to analyse Australia, Denmark, Finland, and France-countries for which we do not estimate an income-emissions relationship since we found their two series to be of different integration orders. 7 OPEC announced on October 15, 1973, their embargo, which would precipitate the first oil crisis that led to a price spike later in 1974; but oil prices already had begun to increase earlier in 1973.
OECD countries. 8 That shared timing or external shocks have played an important role in apparent inverted-U transitions is a conclusion of previous work on the EKC (Mommaw and   Unruh 1997; Volleberg et al., 2009; Stern 2010; and He and Richard 2010) and in energy intensity (Liddle 2012) .
Conclusions
We used endogenous breaks modeling to examine the carbon emission-income relationship for 23 OECD countries. We recommend this approach for studying potential nonlinear relationships because: (i) it does not impose a functional form a priori; (ii) it estimates elasticities for different regimes that are robust to nonstationarity and cointegration; and (iii) it avoids a nonlinear transformation of integrated income. These three issues rarely have been addressed simultaneously in the EKC/CKC literature, and perhaps, never previously addressed in the analysis of several countries (we know only of the Esteve and Tamarit 2012 study of Spain).
Following several previous studies, the importance of shared timing among countries was uncovered-in particular the increased interest in the quality of the environment in the 1960s and 1970s in OECD countries and the oil crises/price spikes of the 1970s and early 1980s. However, it is important to note that for only four countries did the emissions-income relationship become negative-i.e., a CKC. Indeed, the primary emission-income relationship determined here (i.e., for 15 of 23 countries studied) was either (i) decoupling-where income no longer affected New Zealand, and UK in 1970 , 1972 , and 1968 . Lastly, several OECD countries implemented energy/fuel and/or vehicle taxes prior to 1973 (see the OECD/EEA economic instruments database, http://www2.oecd.org/ecoinst/queries).
emissions in a statistically significant way, or (ii) saturation-where the emissions elasticity of income is declining, less than proportional, but still positive.
This lack of inverted-Us provides an interesting contrast to Liddle and Messinis (2014) , who focus on sulfur emissions of OECD countries and employ the same methods used here.
Liddle and Messinis found inverted-Us for 19 of the 25 OECD countries they studied. Since sulfur has local health and environmental impacts, such a contrast to the income-emissions relationship for the global pollutant, carbon, is not surprising.
Hence, as others have argued (e.g., He and Richard 2010) , the finding of a CKC is country-specific. The only generalization about the development process's impact on the carbon emissions-income relationship we can contribute is that those two variables either become less than proportionally, positively related to each other or no longer strongly related to each other at all, as countries reach higher levels of development. Notes: * indicates 5% significance level. m=number of breaks. 
